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i Vft and longitudinal moment are experimentally measured for 4 
Viree-menber family of flat plate fish forms to determine the rance of 
Piceat “ as a function of angle of attack, and to determine the effect 
of the wedy on the taileproduced lift. 


The basic fish form is circular arc senerated with an overall length 
ef 16.25 inches, a body width of fovr inches, and tail width of three 
tveches. The three forms consist of a full fish, 2a fish body, and a2 fish 
head. The exporimental data are presented from tests performed in the 


M. oT. T. Marine Hydrodynamics Lahoratory. 


t 


To possible mathematical models are postulated and compared to the 
experinental results. 


it is concluded that the lift ard moment are highly non-linear 
Wee One Of toewancie of attack and tnat the body has a marked effcct 
Sterne _1ft produ ced by the tail. 
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by a non-linear lift due to vorticity shed from the leading edges. Thic 
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The head is modeled as a delta with a sweepback angle of 71.56 deprees. 
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this fish at angles of attack greater than ten derrees the average ‘tovwnwash 
is less than 75% of the downwash on the centerlinee This in turn sucgests 
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as much as about 0-9 of what slender body theory would predict for the tail 
in undisturbed flow. 

For the particular fish form in question, the tail maximum width is 
afl of the maximum width of the body, so it would be expected that the tail 
could increase the predicted slender body lift by as much as about Hy Cr 


on the tail is then approximated as: 
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When this is added to the C, determined above, Cy is given as 


ie 
Oy = 26360 + 1.060% 

It is seen that this model increases the linear term more and the 
non-linear term less than the vortex sheet presented above. This would 
seem to provide a means of interpreting the experimental results to be 
considered subsequently. 

To check the two line vortex model further, the inclination of vortex 
lincs to free stream can be checked by looking at the velocities induced at 
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CHAPTER TII - EXPERIMENTAL PROCEDURE 


In order to find the lift and moment on a flat plate fish form, it 

was chosen to construct a metal fish from + inch aluminun pasate and test 

in the water tunnel at M- I. T. Marine Hydrodynamics Laboratory. A fich 
form generated by circular arcs was chosen as this could be easily machined 
wi:tle still representing the general shape of a fish. The dimensions and 
shape are shown in Figure 2 and the structural design data are given in 
Arpendix A. The leading edges of the fish body and tail were faired to 
approximately half round and the trailing edges were sharpened. 

As illustrated in Figure 2 and Firure 16, a three-fish family was 
sonstructed as a full fish with bocy and tail, a fish body without a tail, 
ard a fish heat only. The tail was made narrower than the hed y tOeaccer= 
tyate the wake effects. The forms were mounted on a 3/4 inch diameter 
shaft for mounting in the existing rudder force dynamometer. The fish end 

eme siert Was faired into the fish form by applying epoxy putty. 


The force dynamometer is so built that it mounts directiv into the 
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east section of the propeller tunnel and was confipured to measure norma} 
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, tanrvential drac, and chordwise moment. The dynamometer and its «ce 
aro more fully discussed in Appendix RP. 
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img wate oOernas the influence of the mounting shaft cr lift anc 
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a* two-derree intervals from 0 to ~-20 degrees, and at ten feet per second 
they were tested at two-degree intervals from +20 degrees to -20 devrees. 
ieee > eet per second tests used two-desree intervals up to only -1l2 
Accrees to keep the loading at acceptable levels. 

As a mears of imlicating the shedding of vorticity, the full fish 
form was run at reduced tank precs ire to produce cavitation. Pictures 


- ve . 
were take: 
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sins a Graphex camera with a Polaroid back and a Stroholume 
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electronic strotoscopic flash using side lighting and a black back drop. 
The outputs from the water tunnel manometer and the digital strain 
=nise readouts were fed into a computer program to yieid streamwise lift, 


draz, an? moment and flow velocity. The program also computed Cy and Lep 


mercescr. ned in the next. section- 





CHAPTER IV ~- EXPERIMENTAL RESULTS 


The experimentally determined values of the lift and moment are shown 
ix Figures 3 through il. The lift and moment data have been converted +o 
promote easy visualization and comparison between fish forms. The lift has 


heen plotted az C, which is defined as follows: 
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free stream velocity 
24n(0) = maximum span 
whe moment data are presented in the form of position of lonzitudiral center 


of prescure, Tap, which is defined as follows: 
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where lep - distance of center of pressure forward of axis of maximum span 
6 = distance from axis of maximum span to nose of the fish forus 

As can be seen in Fisures 3 through li, the data points with and with- 
ort the cummy ~trut have heen plotted. The faired experimental line is 
Meee as an cstimate of the extrapolation to no strut effects. The linear 
slander hody theory values of Cy and Lep have alse been plotted for purposes 
j > eonparicon. 

iee@pecto of the Lep data on Fisures 3, 4, 7 and 10 shcxs a steht 
Vivorgency helow about five degrees. This divergence follows the division 
Mi + auaeeeadcee: of sttac’ which, tog@ther with the fact that the anmles 


were aliavs arrroached from the same side, would seem to indicate that this 
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divergence is due merely to a small instrument-generated moment which is 
only important at small values of lift and moment. It is felt that this 
effect was sufficiently straight forward that the overall results need not 
be questioned. 

Fieure 12 1s a plot of the experimental data for the three fish forms 
for comparative purposes. 

Looking back to the theory now we see that C. is postulated as a 


funetion of &@ and reaver small angles. Thus Cr can be written as: 
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where Cy and Co are constants to be determined. 
In the development of the theory, it was assumed thats 
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Also note is taken of the fact that the «* term is assumed to represent 
2 oross-flow drag which is normal to the surface rather than at right 
anrles to the flow as the linear lift is assumed to be. 
This C. can be rewritten so as to be more accurate for large angles. 
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C, is given by twice the linear slope of the experimental data. Figures 


me 1! ard 15 are plots of Ch / versus sin 2@ and show the associated 
sink 


welues of Cy and C., “or the three fish forms. 


Experimental error is seen in these plots in the form of scatter of 
the data points below five degrees. This is attributed to angle readings 
which were based on an experimental determination of angle of zero lift. 
mrrors in this measurement show up at less than five dearees due to the 
fact that a small lift is being civided by a small ansle function. 

The three fish forms used in the force and moment measurements are 
shown in Figure 16. 

The full fish form is shown in Figure 17 through 25 at various angles 
of attack at reduced pressure levels which cause the vortex cores to forn 
cavities. This allows visualization of the line vorticies shed from the 


leading edge. 
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CHAPTER V ~ DESCUSCION OF RESULTS 


Inspection of the plots of Cr, in Miggtice) 12 chews that Cy is a hichly 
en loge cunction of anple of attack. It is most non-linear for the full 
fish and least non-linear for the fish head as would “be expected. The Lep 
curves show thet as the non-linear lift becomes more important, the center 
of pressure moves aft, being farthest aft for the fish with the tail indi- 
cating that the litt contribution of the tail must certainly be a second- 

order effect. These curves, while giving correct general. trends, should be 


utilized with care as they are merely simple fairings of experimental data 


approximately corrected for strut interference. 


ry 


Firures 12, 1+ and 15 give expressions for C which have been sraphi- 
cally determined from the reduced Cr plots. The linear term in Cr fomee1 1 
three forms has the same value of approximately 1-7. This shows that there 
in no linear Lift contribution from the tail or the body behind the point 
o* maximum span This value of 1-7 is compared with a value of 1-57 pre- 
Gicted by slender body theory- It is felt that this increase in the linear 
Mee 1s due to the fact that the head of the fish is not “slender”, havin 
an aspect ratic of 0.98. This conclusion, however, does not seem to be 
confirmed by data from other sources so that perhaps there may be some 
otier mors subtle offect at work here. 


the lift of the head 


{Qs 


Commgemane the 1ift contribution of the tail an 
atore (which ean be visualized as a tail without a body) shows that at 
@ = ten jesrees the lift of the tail behind the hody is only 40% of what 
i? woul? be for the same angle of attack without the body. A+ 20 desrees 
*he tail contributes about 51% of the lift it would at the came & in free 


ab 
Se Cam - 


= —. 





The non-iinear term in Ce is seen to increase as the area is increaced 
by addine a body and then a tail ir turn. This non-linear term is not 
adequately predicted by the mathematical models considered. It is seen, 
however, that the model using the vortex sheet shed behind the head does 


predict the richt kind of effect, but not in sufficient amount. 





CHAPTER VI = CONCLUSIONS AND RECOMMENDATIONS 


It is now possible to suggest answers to the three questions posed at 
the outset. First, it is concluded that for the case investigated, linear 
slender tody theory is inadequate above ahout two degrees, but fairly accu- 
rate at angles of attack of less than two degrees. Further, in answer to 
the question of linearity, it would appear that the non-linear terms are 
inportant for even small angles, thus limiting the value of a strictly 
linear approach. 

With regard to the effect of the body on the tail, it is seen that 
the body greatly reduced the lift contributed by the tail. The effect 
varies from completely eliminating the tail lift as the angle of attack 
coes to zero, to reducing it to about one half of the free stream value 
at Oo = 20 derrees. 

The experimental results show that the theory developed in this in- 
vestigation is not adequatee It is felt that a theory which more accu- 
rately deals with finite aspect ratio and the nonlinear lift associated 
with vorticies shed from the leading edge is needed. Also a theory to 


predict the lift on the tail in non-uniform flow is needed. 
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APPENDIX aA 


Tne fish hody width was chosen ac four inches and the tail width was 
chosen as three inches in order to keep the fish area small compared to th> 
area of the 20-inch square test section. An overall length of 16} inches 
was chosen to make the fich slender and so that the tail would not approach 
the wall too ciosely as the fish was given angle of attack. 

The lift and moment on the fish was computed using slender body 
theory: 

For heads 


vd 
+2 


<2 


t n(x) = t [(207 - x)? 9] 


Ls + pura  h7(0) 
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tt 


, me 
ee pve T ee 
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Me x1(x)dx 
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Integrating by parts: 


0 0 
4 
M = puree 7 [La : ae 
=L og. “1.8. 
0 
M = ie ales 
“lion. 
Ua tT ; 2 As a 
i= eo [cao = i -s| ax 
(12) 
6 
0 
2 Se Zz 
n= Eee (20% Ae) aouGores)- + (| ax 
(12) 


2 3 : 
m= SOLO | i6hx - X -8 (x V10% =x + 10% sin”’* (4) 


3 
(12) ; ; 
f 06 I sot 7H6 
ye Ae | -984 + 72 -8 (-48 + 100 sin (35)) 
(12) 
2 
y - Poo EE 20] 
(12) 
M 7 (12 ~ 12.20 
LCP asm. a iy ( tp ) 
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fe 30 
= f ‘; = e ac 
lePas = ce mt 3-30 inches from axis 


Redtucing these quantities for comparison with the experimental date 


= 427s 





= L 
EY Sp (an(o))* 


Ue h7(0 
2 “ 
290 (2h(0) 


C= Sa = (1.5708) « 


i ee 
. 2Ppin. 
Lep= “Aare 
32.30 
Lep i 00 = 0-55 


The above analysis was used to estimate the maximum loads and moments 


likely to be encountered in testing the fish forms- Since it was uncertain 


re) 


r 


u¢ to how much lift the tail surface would contribute, it was assumed that 
4+ would lift as though the body was not there in order to obtain a maximum 
possitle lift and moment. 

The fish and mounting shaft were fabricated from 2024T3 wrought 
aluminum alloy with a yield strength of 50,000 psi. The fish was attached 
to the shaft by clamping a tab from the fish into a slot cut in the shaft. 

Tt was originally desired to neck the 3/4 inch shaft to 1/2 inch diameter 

at the fish, but this resulted in excessive stress. To keep the stress 
Revels low, the full 3/4 inch slotted shaft was carried 5/16 of an inch 

onto the fish and the tab was given 5/8 inch radius fillets at the fish edge. 

A fitting was fabricated and installed in the test section on the side 
opposite the dynamometer in which the fish was mounted. This fitting allowed 
a dummy shaft to be placed next to the fish in the same position as the 


mountings shaft except on the other side of the fish. 


a 1,3 ae 





“PPENDIX B 


FORC:? DYNAMOMETER 


The experimental force measu ‘ements were made using the existing 
rudder force dynamometer. A schematic of the dynamometer is shown in 
Fimure 26. Lebow strain gauge load cells with digital readout boxes 
were used. The lift load cell was 50-pound maximum load and the moment 
and draz load cells were ten-pound maximum load» The load cells were 
mounted retween piano wire flexures to make them as soft as possible to 
lateral deflection. AS installed, the flexures absorbed about 11% of 
the applied drac and moment and about 6% of the lift.» This proved to be 
no problem as the load cells were calibrated in the ris and no significant 
eross couplinre was detected. 

The dynamometer is so constructed that the force measuring blocks 
meve with the fish form as the anzle of attack is changed. In light of 
this, the comp:ter program for data reduction performs a coordinate transe 
formation to resolve the forces into streamwise lift and drag forces, as 


well as converting the dicital strain fauge readouts to forces and moments. 
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Slender fish lift and moment. 
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